Summary. AC electrical resistivity of several Hawaiian basalts, saturated with four solutions of varying salinity, is investigated in the hydrostatic pressure range of 0.1 MPa to 0.5 GPa (5 kbar), with pore pressure of nearly 0.1 MPa. At 0.1 MPa, the Archie's empirical relationship holds well for basalts ranging in porosity from < 1 to 30 per cent, and saturated with high salinity solution. Resistivity of saturated basalts increases with pressure. As compared to the data for the low-porosity crystalline rocks reports by Brace & Orange, the resistivity of porous basalts (2-13 per cent porosity) increases less rapidly. The empirical relationship (d log p/dP) -1 .O GPa-' found for the crystalline rocks also holds for basalts.
Introduction
The effect of confining pressure on the electrical resistivity p of saturated low-porosity crystalline rocks has been well studied (Brace, Orange & Madden 1965; Brace & Orange 1968) . These authors have shown that the resistivity of typical Crystalline rocks increases by as much as three orders of magnitude in the pressure range of 0-1 GPa with most of the change taking place in the first 0.2 to 0.3 GPa due to the closure of cracks. Above 0.3 GPa, where conduction is primarily through pores, the empirical relationship (d log p/dP) -1 .O GPa-' is found to hold well for these rocks (Brace & Orange 1968) . Such data would be useful in geothermal exploration and reservoir assessment in volcanically active regions such as the Hawaiian Islands. The purpose of this paper is to report on a laboratory investigation of the effects of saturant salinity and pressure on the resistivity of Hawaiian basalts. This study is the first step toward establishmg the porosity-saturation-pressure temperature relationships for such rocks.
Experimental procedure
The electrical conductivity of 75 Hawaiian basalts representing tholeiitic, alkalic and nephelinitic types was investigated as a function of saturant salinity at 0.1 MPa (atmospheric pressure). The chemical and normative analyses of these basalts have been reported (Macdonald & Katsura 1964; Macdonald 1968) . Of these, eight were chosen for studying the effects of hydrostatic pressure on the saturated resistivity.
Cylindrical specimens, 2.54 cm in diameter and 2.5 to 3.5 cm long, were cored out from the basalt samples and used for the resistivity measurements. The ends of the cored specimens were polished flat and parallel, cleaned with acetone and distilled water, and then coated with a conductive silver paint.
For saturation the cores were first dried at 100°C for 12 hr, evacuated at 30 microns of mercury for another 12 hr, and then soaked in a solution for 24 hr. A remarkably high degree of saturation was achieved as judged from the reproducibility (k 10 per cent) of the resistivity measurements. Resistivity measurements were made on the specimens following saturation with each of the four solutions in the following sequence: tap-water, three parts of distilled water plus one part sea-water (1 : 3 solution), one part distilled water plus one part sea-water (1 :1 solution) and sea-water. To avoid salt build-up in rock pores due to repeated drying and saturation processes, the cores were soaked in distilled water for a few days after each saturation cycle. The resistivity values of the four solutions are listed in Table 1 . The resistivity measurements at ambient pressure were made, after wiping off the excess solution by two methods: two-and four-electrode methods (Rust 1952) . The measurements under pressure were made by a two-electrode technique (Brace et al. 1965) . Briefly, the specimenelectrode assembly consists of two hardened steel electrodes, one at each end of the core sample. At one end, between the specimen and electrode, there is another cylindrical piece with holes and reservoir whch collects the pore fluid as it is squeezed out of the sample under hydrostatic pressure. With such an assembly the sample pore pressure remains approximately 0.1 MPa, regardless of the pressure on the sample. To prevent the pressure medium from entering into the sample, the sample-electrode assembly was jacketed with a 3 mm thick tygon tubing. Pressure was monitored with a manganin-pressure cell and a CareyFoster bridge calibrated with a Harwood deadweight tester. The electrical resistivity measurements were carried out at 500 Hz with a General Radio The reported porosity values of the samples are effective porosities, determined by water saturation method. A high degree of saturation of the samples was found to be achieved after 24 hr of soaking in water; the weight increase after initial saturation for 24 hr was less than 3 per cent in 192 hr. Results and discussion
M P a R E S U L T S
Mean density, porosity and resistivity values of the samples studied are given in Table 2 . The bulk densities of the samples range from 1.87 to 3 . 0 4 g~m -~ and porosities range from 0.9 to 29.6 per cent. Figs 2-5 are the log-log plots of fractional porosity 4 versus formation factor f (ratio of bulk rock resistivity pb to resistivity of the saturant po) for the four types of saturants listed in Table 2 . In the plots no distinction is made between the types of basalts (i.e. whether tholeiitic, alkalic or nephelinitic as no noticeable dependence of resistivity on the mineralogical and chemical composition of the samples was found.) The important parameters governing the resistivity are salinity of the saturants and porosity. The scatter in the resistivity versus porosity plots (Figs 2-5) is typical for porous basalts and has been attributed to a number of factors such as the relatively small volume of samples (Keller 1973) , the state of samples, particularly the amount of surface water on the sample while making measurement, rock-water interaction, and surface conduction. The scatter decreases with increasing salinity of the saturant suggesting that for higher salinity saturant the bulk conduction in the rock is primarily through the pore fluid. For these basalts the Archie's empirical relationship f = A 4 -* where A and m are constant, holds fairly well. The 'best-fit' Archie's relationships calculated from the experimental data (Figs 2-5) are in good agreement with that reported for Hawaiian basalts by Keller (1973) . In determining the best-fit equations, f and 4 were respectively assumed to be dependent and independent variables for two reasons. First, the Archie relationship is generally used to determine the resistivity of pore fluid in a formation from the two accurately measurable parameters in the field, i.e. bulk resistivity and porosity. Secondly, 4 is more accurately determined in the laboratory than f.
General use of Arche's relationship assumes f to be independent of the saturant resistivity; however, the present data (Figs 2-5) do not support this assumption. The value off is found to be influenced by the salinity of the saturant (note the change in slopes of lines in Figs 2-5). A plausible explanation is that the resistivity of the saturant in pores changes by ionization of clay minerals, and/or by surface conduction phenomena, and/or by dissolution of material in the pores (Madden & Marshall 1959; Piwinskii &Weed 1976) . Ionization of the clay minerals results in significant lowering of the resistivity of the pore solution if the saturant has low salinity. Similarly, the resistivity is significantly lowered by surface conduction if the solution is of low salinity, and if an adsorbed layer of water several molecules thick formed on the grains. If, however, due to high salinity of the solution, many ions are adsorbed, an increase in pressure will result in a decrease of ion mobility in the adsorbed layer, resulting in an increase in resistivity of the pore solution. The resistivity of a low-salinity solution is decreased significantly, whereas the resistivity of a high-salinity solution is not affected, or is only sGghtly increased. For sea-water saturation, in which case the resistivity of sea-water in the pores does not alter much because of its high salinity, we can estimate the change in resistivity of other solutions in the pores as a result of ionization of clay minerals and surface conduction phenomena. The resistivity of pore solution plp can then be expressed as C S. RaiandM. H. Manghnani is the resistivity of rock saturated with solution 1 , psw is the resistivity of sea- Calculated values of plp for the selected samples are listed in Table 3 . Out of the three solutions studied, the resistivity of tap-water (lowest salinity) is lowered by the maximum amount, and in some cases the resistivity of 1 : 1 solution (highest salinity) increases by a small amount. Also the resistivity of a solution in pores decreases more for low-porosity rocks than for high-porosity rocks.
Resistivity measurements at high pressure Eight basalt samples with porosity ranging from 1.6 to 13.3 per cent were selected for resistivity measurements to 0.5 GPa. The results, presented in Figs 6, 7 and 8, show general trends: (a) Resistivity of all the basalts increases with pressure; at a given pressure, resistivity is higher for samples of lower porosity, and for lower salinity of the saturating solutions. (b) The resistivity-pressure curves for all the four saturating solutions are similar in form. ( c ) Chemical composition of rock does not seem to govern its resistivity.
Brace e l al. (1965) and Brace & Orange (1968) studied the effect of pressure on resistivity of low-porosity (< 1 per cent) crystalline rocks. They observed that resistivity of the crystalline rocks increases by as much as 3 orders of magnitude in the 0-1 GPa pressure range; most of the increase takes place in the first few tenths of GPa. Such rapid increase in resistivity during initial hydrostatic compression is absent, or is less predominant, for the basalts except in cases of samples C-109 (4 = 1.6 per cent) and C-221 (4 = 8.9 per cent). The gentler slopes of the resistivity-pressure curves appear to be characteristic of (porous) basalts (see also Hermance, Nur & Bjornsson 1972; Hyndman & Drury 1976 ). Brace and coworkers interpreted the initial rapid increase of resistivity in crystalline rocks as due to closure of cracks of low aspect ratio with application of pressure. Such cracks close under pressure more easily than those with high aspect ratio. Pressure of the order of several tens of GPa is required to close pores with an aspect ratio of 1 (Walsh 1965) . The absence of initial rapid increase of resistivity with pressure in the Hawaiian basalts shows that the cracks comprise only a small percentage of total pore volume. This is substantiated by very In addition to conduction through the pores, there is contribution from surface conduction due to the build-up of electrically attracted ions at the solid liquid interface (Madden & Marshall 1959) . The contribution from surface conduction will be greater when the rock is saturated with a low-salinity solution and w i l l be obliterated by the bulk conductivity when the rock is saturated with high-salinity solution. Surface conductivity can be expressed as 116 psw/pTw (Brace et al. 1965) , where 116 is the ratio of resistivity of tapwater to resistivity of sea-water; psw and pTw are the resistivities of rock saturated in seawater and tap-water, respectively. Surface conductivity values for selected basalts, calculated using the method of Brace et al. (1965) are given in Table 4 . It is evident from Table 4 that the surface conductivity does not vary significantly with pressure, and that the values for basalts are comparable to those reported for low porosity crystalhe rocks (Brace et a2. 1965) . As surface conduction is due to the charge build-up at the liquid-solid interface and depends on the salinity (ion-concentration) of the saturating solution, the similar values of surface conductivity for the two groups of rocks is not unexpected in view of the fact that in both studies solutions of similar salinity were used.
Electrical resistivity of Hawaiian basafts
For a wide variety of low-porosity crystalline rocks the relationship p/po = @-' holds well at high pressures (0.5-1 .O GPa) when cracks are nearly closed and conduction is primarily Units are in am.
Pressure ( of low aspect ratio. The measurements on basalts show that m = 2.7 (see Fig. 9 ), indicating that pores in basalts are even less interconnected than one would expect in the case of random distribution.
Conclusions
The Archie empirical relationship holds well for Hawaiian basalts having a wide range of porosity. Porosity and salinity of saturants are the most important parameters governing resistivity. Composition of the porous basalts studied does not play an important role in controlling resistivity. Pressure causes the resistivity of porous basalts to increase but not as much as that observed for the low porosity crystalline rocks. The weak pressure dependence of resistivity for the basalts at low pressure is because of their low crack density. The empirical relationship (d log p/dP) = 1 . O GPa-' is found to hold for basalts in the pressure range of 0.3-0.5 GPa.
